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Abstract: The study shows that Arbuscular Mycorrhizal Fungi (AMF) are capable of imparting 
disease tolerance in tomato plants pre-infected with Fusarium Oxysporum f. sp. Lycopersici (FOL). 
Inoculation of tomato seedlings with Glomus Macrocarpum (GM) or Glomus Fasciculatum (GF), 20 
days after infection with FOL reduced pathogen spread and disease severity by 75 and 78 %, 
respectively. The mycorrhizal plants showed increased growth, possessed higher Phenylalanine 
Ammonia Lyase activity (PAL), phenol concentration and foliar trichome density. Upto nine-fold 
increase in concentration of Jasmonic Acid (JA) was observed in mycorrhizal tomato plants compared 
to FOL-infected control plants. The increased JA concentration in mycorrhizal plants was concomitant 
to systemic enhanced defence response measured in terms of increase in PAL activity, concentration of 
phenols and trichome density in leaves. The above parameters shoFwed strong positive correlation 
with endogenous level of JA. The results suggest implication of JA in AMF-induced systemic 
resistance.  
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INTRODUCTION 
 
  Arbuscular Mycorrhiza (AM) are the most 
common type of mycorrhizas
[46], formed between roots 
of more than 80 % of the terrestrial plant species and 
fungi from the phylum Glomeromycota
[43]. AM fungi 
provide several benefits to their host plants, including 
better phosphorus (P) nutrition
[27-30], increased abiotic 
stress
[19,45] and increased disease resistance
[42], thus, 
they are widespread potential biocontrol agents. Many 
authors have reported that the AM symbiosis can 
reduce root diseases caused by several soil-borne 
pathogens
[39,40]. However, the mechanisms underlying 
this protective effect are still not well understood.
  The beneficial effects of the AM symbiosis result 
from a complex molecular dialogue between the two 
symbiotic partners
[21]. Some processes occurring in this 
interaction are known to be mediated by 
phytohormones. Evidence for phytohormone function 
in establishment of AM comes mainly from application 
experiments
[7,8]. More recent results revealed that in 
roots of mycorrhizal plants Jasmonic Acid (JA) levels 
are increased in comparison to roots of non-mycorrhizal 
controls
[37,47,50]. Though several reports suggest 
improved Phosphorus (P) uptake, competition for space 
and nutrients, mycorrhizosphere effect and activation of 
defence mechanism responsible for disease inhibition 
by AMF; there have been a very few studies 
implicating jasmonic acid in enhanced disease 
resistance in mycorrhizal plants. 
  The present study shows the potential of Glomus 
macrocarpum and Glomus fasciculatum in control of 
Fusarium Oxysporum f. sp. Lycopersici (FOL) causing 
wilt in tomato. The experiment was carried out to 
elucidate the role of jasmonic acid in enhanced defense 
response of mycorrhizal plants; and to know if any 
correlation exists between endogenous level of 
jasmonic acid and markers of enhanced defense such as 
phenylalanine ammonia lyase activity, phenol 
concentration and trichome density in mycorrhizal 
plants.   
 
MATERIALS AND METHODS 
 
Plant material: Seeds of lycopersicon esculentum var. 
Pusa Bharti were obtained from national seed 
cooperation, Indian Agricultural Research Institute 
(IARI), New Delhi. The cultivar is moderately resistant 
to the Fusarium Oxysporum f. sp. Lycopersici (FOL) 
race procured.  
 
Pathogen cultures: A pathogenic isolate of Fusarium 
oxysporum
[25] f. sp. lycopersici was obtained from 
division of plant pathology, Indian Agricultural 
Research Institute (IARI), India and maintained on OnLine J. Biol. Sci., 8 (3): 49-56, 2008 
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Potato Dextrose Agar (PDA). Conidial suspension was 
prepared and spore density was determined using 
haemocytometer to be 2.8 x 10
6 spores Ml
−1.  
 
Arbuscular mycorrhizal inoculum: Soil based 
inocula of Glomus fasciculatum (Thaxter sensu Gerd.) 
Gerdemann and Trappe and Glomus macrocarpum Tul. 
and Tul. were multiplied using Sorghum halepense as 
trap plant
[27]. The inoculum density for both AMF 
species was found to be 96-98 spores per 10 g soil.    
 
Experimental design: The investigation consisted of 
pot experiment, carried out at the Botanical Garden, 
Department of Botany, University of Delhi. Seeds of 
tomato were germinated on steam sterilized soil (15 lbs, 
20 min.). Ten days after germination, seedlings were 
challenged with pathogen (Fusarium oxysporum f. sp. 
lycopersici) by injecting conidial suspension near the 
roots at the rate of 10mL
−1 seedling. One month old, 
seedlings were transplanted to earthenware pots filled 
with a mixture of sand and soil (1:1, v/v). Before 
dispensing into pots the sand and soil mixture was 
sterilized by fumigation (0.1 % formaldehyde). 
Experiment was designed in randomized block 
consisted of three different mycorrhizal treatments, viz. 
non-mycorrhizal, inoculated with Glomus 
macrocarpum or inoculated with Glomus fasciculatum, 
each with three plants per pot in six replicates (total 18 
plants for each treatment). A soil based inoculum (10 g 
per pot) including root fragments (88 % colonized), was 
added to each pot at the time of transplanting just below 
the tomato seedlings. Soil treatment with FOL to plants 
not given any mycorrhizal inoculation served as the 
control. Plants were grown under natural conditions of 
light, temperature and relative humidity. Plants were 
watered regularly and no pesticides or fertilizers were 
applied.  
  
Evaluation of disease incidence: Disease incidence 
was visually estimated during the growth period 
following challenged inoculation with FOL. The rating 
scale was 0 % (no diseased plants) to 100 % (all plants 
diseased). Each diseased plant had typical tomato wilt 
symptoms
[1].  
 
Measurement of the tomato plants: After 51 days 
three plants from each treatment were harvested along 
with the roots and the dry weights of shoot and root 
were recorded after drying them in an oven at 70-80 
oC 
for two days till their weight was constant. 
 
Estimation of proteins: Freshly harvested plant 
material was homogenized in 0.1 M Phosphate buffer 
(pH 7.2), filtered and centrifuged at 9000 rpm for 10 
min at 4 
oC. The supernatant was mixed with equal 
volume of 10% tri-chloro acetic acid and again 
centrifuged at 3300 rpm for 10 min at 4 
oC. The pellet 
was washed with water 2-3 times and then dissolved in 
0.1 N NaOH. Proteins were quantified by the protein 
dye binding method of Bradford (1976) using Bovine 
Serum Albumin (BSA) as a standard. 
 
Estimation of total phenols and O-dihydric phenols: 
The estimation of total phenols and Ortho-dihydric 
phenols were assayed according to Bray and Thorpe 
and Johnson and Schaal
[10,26], respectively. Freshly 
harvested leaves were homogenized in ethanol and the 
supernatant was mixed with Folin-Ciocalteu’s phenol 
Reagent (FCR). The intensity of the blue colour was 
read at 650 nm. 
  For O-dihydric phenol, the supernatant was mixed 
with 0.05 N HCl, Arnow’s reagent, and 1 N NaOH.   
The absorbance was read at 515 nm. Standard curve 
was prepared using pyro-catechol. 
 
Estimation of phenylalanine ammonia lyase activity 
(EC 4.1.1.5): Phenylalanine Ammonia Lyase (PAL) 
activity was assayed according to Dunn et al.
[17] with 
slight modifications. Frozen shoot (1 g) were 
homogenized in 10 ml 0.1M sodium borate buffer, pH 
8.8 containing 10 mM β-mercaptoethanol and 10 % 
(w/w) Polyvinyl Pyrroprolidine (PVPP). Crude extracts 
were centrifuged at 12,000 rpm for 20 min at 4 
oC. 
Reaction mixtures containing 750 µl enzyme extract, 
1.25 mL sodium borate buffer and 500 µl sodium 
borate buffer plus 0.05 mL-phenylalanine were 
incubated in a water bath at 40 
oC for 3 h. Absorbance 
was taken at 290 nm. 
 
Extraction and purification of jasmonic acid: Four 
month old, foliar tissue was harvested and the plant 
material was ground into a fine powder under liquid 
nitrogen and 10 g fresh weight samples were taken for 
further analysis. For purification
[18], samples were 
applied to open columns of octadecyl silica (C-18, 3-4 
mL bed volume,). The C-18 columns were pre-
equilibrated in 100 % methanol, followed by 1 % acetic 
acid (10 column volumes of each). The sample was 
then loaded and washed through with 15 mL 1 % acetic 
acid, 15 mL 1 % acetic acid in 30 % aqueous methanol 
and 30 mL 1 % acetic acid in 60 % aqueous methanol. 
Jasmonic acid in the 60 % methanol wash was 
collected. The eluent was then dried completely, and 
subsequently resuspended in 70 µl solvent (0.05 % 
trifluoroacetic acid (TFA) in 40 % aqueous acetonitrile, 
MeCN) prior to injection onto HPLC instrument 
(Schimadzu CLASS-VP V 6.13 SPI HPLC). OnLine J. Biol. Sci., 8 (3): 49-56, 2008 
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Table 1:  Effects of colonization by AM fungi on biomass, phosphorus concentration, protein and total phenol concentration in root and shoot of 
tomato plants infected with Fusarium oxysporum f. sp. lycopersici.  
Treatments  Biomass (g)  Phosphorus concentration (%)  Protein concentration (mg g
−1)  Total phenol concentration (mm g
−1) 
 -------------------  ----------------------------------  ----------------------------------  ------------------------------------------ 
 Root  Shoot  Root  Shoot  Root  Shoot  Root  Shoot 
Control  0.33 a  3.09 a  0.82 a  0.73 a  1.66 a  58.0 a  4.33 a  10.66 a 
C+GM  0.36 b  3.98 c  2.36 b  2.03 c  3.66 b  64.0 b  8.00 b  21.00 b 
C+GF  0.35 b  3.27 b  2.92 c  2.00 b  3.66 b  61.0 ab  5.00 a  16.33 b 
Values are mean of three replicates. Within a column; values followed by the same letters are not significantly different (P = 0.05) by Tuckey 
post hoc test using Statistical Package for Social Sciences (SPSS) software. C - control, GM - Glomus Macrocarpum, GF - Glomus Fasciculatum 
 
HPLC separation of jasmonic acid: Separation of 
jasmonic acid was achieved using reverse phase HPLC 
on an octadecyl silica C-18 column, using solvent at the 
flow rate of 1 mL min
−1. The solvent gradient was 
followed as mentioned in Gapper et al. 2002
[18]. The 
separation of jasmonic acid was verified using 
standards from Sigma-Aldrich, India and expressed in 
nmol g
−1 fresh weight shoot. 
 
Measurement of trichome density: Trichome density 
was measured according to
[33] from the upper leaf 
surface. The leaf discs (area-0.29 cm
2) were taken from 
the center of the leaf blade and counted for adaxial 
trichome number under a compound light microscope. 
Trichome density was calculated as the trichome 
number per disc area. 
 
Concentration of phosphorus: Dried samples were 
ground, digested in concentrated acid (HNO3:HClO4, 
2:3, v/v) at 140-160 
oC. After cooling, the extracts were 
diluted with 1N HCl and made up to 25 mL
[3]. Reagent 
blanks were prepared by carrying out the whole 
extraction procedure but in the absence of sample. The 
phosphorus in the digested sample was estimated by 
molybdenum blue method
[3] at 700 nm using UV 
spectrophotometer. Working standards were procured 
from Sigma-Aldrich, U.S.A. 
 
Statistical analysis: One-way analysis of variance was 
carried out for each parameter studied. Tukey’s post 
hoc multiple mean comparison test was used to test for 
significant differences between treatments (at 5% 
level). All statistical analyses were performed with 
Statistical Package for Social Sciences version 10 
(SPSS Inc., Wacker Drive, Chicago, IL). 
 
RESULTS 
 
  Tomato plants infected with Fusarium oxysporum 
f. sp. lycopersici showed symptoms of vascular wilt, 
formation of yellow patches and wilting after 21 days 
of inoculation of the pathogen. The two Arbuscular 
Mycorrhizal Fungi (AMF) were able to colonize tomato 
roots infected with Fusarium Oxysporum f. sp. 
Lycopersici (FOL). The per cent colonization was 
observed to be 76.66  and 63.66 % for GM and GF, 
respectively. Treatment of tomato plants with AMF i.e., 
Glomus macrocarpum or Glomus fasciculatum (20 days 
after inoculation with FOL) reduced pathogen spread 
and disease by 75  and 78 % respectively.  
  Mycorrhizal colonization enhanced growth of 
tomato plants. Root and shoot biomass of mycorrhizal 
plants was significantly higher than control plants 
(Table 1). The mycorrhizal plants also possessed 
significantly higher concentration of phosphorus both in 
root as well as shoot in comparison to control plants 
(Table 1). 
  Roots colonized by G. macrocarpum or G. 
fasciculatum showed about 3-fold increase in 
concentration of proteins (Table 1). Protein 
concentration in shoot was significantly higher in GM 
plants; however the increase in shoot protein in GF 
plants over control was not statistically significant. 
  Plants inoculated with GM showed upto 2-times 
concentration of total phenols in root as well as shoot 
over control (Table 1), in GF inoculated plants, the 
increase was not significant in roots. Also, 2-fold 
increase in concentration of O-dihydric phenol in GM 
colonized shoots was observed as compared to control 
plants (Fig. 1a).  
  AM colonization of FOL infected plants induced 
up to 6-fold phenylalanine ammonia lyase activity over 
their non-mycorrhizal control (Fig. 1b). Highest PAL 
activity was measured in GM inoculated plants.  
  Microscopic observations of tomato leaf discs 
showed increase in the trichome density. Maximum 
trichome production was observed in C+GF treatment 
(Fig. 1c). The two mycorrhizal treatments were 
comparable in terms of trichome density. 
  Jasmonic Acid (JA) level in control tomato plants 
were 0.49 nM g
−1 fresh weight (Fig. 2). Mycorrhization 
led to remarkable increase in concentration of JA (9.3 
nM g
−1 fresh weight). Markers of defensive capacity of 
plants i.e. trichome density, PAL activity and phenol  OnLine J. Biol. Sci., 8 (3): 49-56, 2008 
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Fig.  1: Effects of colonization by AM fungi on the 
concentration of O-dihydric phenol (a), 
phenylalanine ammonia lyase activity (b) and 
foliar trichome density (c) in shoot of 
Lycopersicon esculentum plants infected with 
Fusarium oxysporum f. sp. lycopersici. C-
control, GM-Glomus macrocarpum, GF-
Glomus fasciculatum. Values are mean of three 
replicates. Histograms with the different letter 
are significantly different a p≤0.05 by SPSS 
(statistical package for social sciences 
software), Tukey, Post hoc test 
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Fig.  2: Effects of colonization by AM fungi on the 
concentration of jasmonic acid in shoot of 
Lycopersicon esculentum plants infected with 
Fusarium oxysporum f. sp. lycopersici. C-
control, GM-Glomus macrocarpum, GF - 
Glomus fasciculatum. Values are mean of three 
replicates. Histograms with the different letter 
are significantly different a p≤0.05 by SPSS 
(statistical package for social sciences 
software), Tukey, Post hoc test 
 
concentration showed high positive correlation with 
endogenous concentration of JA, i.e., r
2 = 0.997, r
2 = 
0.927 and r
2 = 0.885 (Fig. 3a, b, c) respectively. 
 
DISCUSSION 
 
  There have been several reports on increased 
disease tolerance of plants to soil-borne pathogens on 
pre-inoculation with mycorrhizal fungi
[4,6,13]. This study 
reports effectiveness of mycorrhizal fungi to control 
vascular wilt disease, after the establishment of the 
pathogen. GM and GF were successful in colonizing 
the tomato roots infected with FOL.  
 Mycorrhizal  colonization resulted in increased 
growth and enhanced Phosphorus (P)-concentration 
over non-mycorrhizal plants. In earlier studies, the 
disease inhibition by AMF has been linked to their 
ameliorative effects for plant nutrients especially for P 
concentration
[11,41]. Later, some researchers presumed 
that the disease inhibition by AMF might not be 
completely related to the increase in P-content and dry 
weight
[2]. It has been thought that besides the plant 
nutrient uptake, the competition for space and nutrients, 
mycorrhizosphere effect
[31] and activation of plant 
defence mechanisms is responsible for disease 
inhibition by AMF
[2,4,27]. Pre-infection of FOL over 
mycorrhizal  fungi   in   this  study   imparted   temporal  OnLine J. Biol. Sci., 8 (3): 49-56, 2008 
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Fig.  3:  Relationship between the concentration of 
jasmonic acid with trichome density (a), 
phenylalanine ammonia lyase activity (b) and 
concentration of total phenols (c) in shoot of 
Lycopersicon esculentum infected with 
Fusarium oxysporum f. sp. lycopersici 
 
advantage to the pathogen and relieved it of space 
competition during initial stages of infection. Therefore, 
decreased disease incidence due to competition for 
space and infection sites may be ruled out in this study. 
  Mycorrhization resulted in increase in the density 
of trichomes on leaves. This observation is in 
accordance with the observation of Copetta et al. and 
Kapoor et al.,
[12,27]. Trichomes are important structural 
barrier component of resistance and glandular 
trichomes are sites for accumulation of secondary 
metabolites
[48]. Increase in foliar tissue density indicates 
induction of systemic resistance in mycorrhizal plants. 
Phenylalanine Ammonia Lyase (PAL) is involved in 
the flow of carbon from primary to secondary 
metabolites in plants
[20]. PAL is the first enzyme in the 
phenylpropanoid pathway, leading to the conversion of 
L-phenylalanine into trans-cinnamic acid
[15] which 
leads to production of phytoalexins and phenolic 
substances. Colonization of roots by AMF stimulates 
the phenylpropanoid pathway
[38], it may be due to the 
induction of PAL activity as observed in the present 
study.  
  The role of phenols in suppressing pathogens has 
been extensively discussed by various researchers. 
Increased phenol concentration in plant tissue following 
pathogen attack is one of the important mechanism, by 
which pathogen activity may be limited, or 
decreased
[44]. In the present study, the effect of 
mycorrhiza induced increase in phenol concentration in 
the plant tissue. The results are in accordance with 
those of Mathur and Vyas
[36]. Devi and Reddy
[16] 
revealed that inoculation with G. mosseae induced not 
only quantitative but also qualitative changes in 
phenolic acids in groundnut plant tissue. Although these 
results have not been correlated to the inhibition of the 
pathogen, current experiment indicated that the increase 
in phenol concentration can contribute to the inhibitory 
effect on the pathogen. Increased phenols locally 
induced by AM fungi were reported for some plant, but 
the literature on increased phenols systemically induced 
by AM fungi is still scarce. Cordier et al.
[14] found that 
decreased colonization by Phythophthora parasitica in 
mycorrhizal and non-mycorrhizal parts of mycorrhizal 
plants was associated with an accumulation of 
phenolics. Ortho-dihydric phenol level was also found 
to be increased in mycorrhizal plants. Increased levels 
of Ortho-dihydric phenols in mycorrhizal plants have 
also been argued to impart disease resistance
[32]. 
Increase in concentration of phenols and O-dihydric 
phenols in mycorrhizal tomato plants may be due to 
induction of PAL enzyme activity as discussed earlier. 
  Jasmonic acid concentrations were nine times 
higher in mycorrhizal plants than in non-mycorrhizal 
shoots, similar level of increase have been reported in OnLine J. Biol. Sci., 8 (3): 49-56, 2008 
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mycorrhizal barley
[22] and Medicago trucatula
[47]. JA 
may be a systemic signal and dislocated throughout the 
plant
[34]. Increase in levels of endogenous jasmonates 
are followed by activation of genes involved in plant 
defence responses such as those coding for enzymes of 
phytoalexins synthesis, vegetative storage proteins
[23,35]. 
  Studies have shown that increase in endogenous 
level of jasmonic acid results in induction of 
trichomes
[49] and present results confirm such reports 
where a strong positive correlation was observed 
between trichome density of leaves and endogenous 
level of jasmonic acid. Present results therefore provide 
evidence that AMF regulate systemic increase in 
physical defence in tomato by increasing the 
concentration of JA. According to Traw and Bergelson 
the effect of jasmonic acid reflected on increase in 
proportion of cells that become trichomes, rather than 
in increase in the overall epidermal cell number of the 
leaves
[49]. 
  We observed positive correlation between PAL 
activity and JA, which suggests that increase in AMF 
induced PAL activity may be mediated through 
increased levels of JA on mycorrhization. 
  The results indicate that AMF impart induced 
systemic resistance in host plants. This may be due to 
systemic increase in concentration of jasmonic acid 
resulting in increase in trichome density, higher protein 
concentration, induction of PAL activity and 
accumulation of phenols. 
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